A hand with dexterity and local autonomy is one of the key components of a space robot to perform precise in-orbit servicing. This paper presents performance of the three-finger multisensory hand boarded on the unmanned spacevehicle "Hikoboshi". The hand comprises a newly devised three-finger module with grip force sensors and a wrist compliance device with displacement sensors. It also has a hand-eye camera and three range sensors for non-contact sensing. The contact sensors display fine performance owing to zero-gravity of space compared with the ground. The laser/PSD type proximity range sensors retain performance under the high intensity of sunlight in orbit. Although the hand-eye camera is useful for position measurement of objects through image processing in most case, some points are noticed to use it in satellite daytime owing to intensity and direction variations of sunlight. The robot performed high precision tasks in space utilizing these hand mechanisms and multisensors through sensor-fused telerobotics.
Introduction
As the utilization of space increases, robots performing work replacing that of humans in the dangerous environment outside of spacevehicles are desired. To date, robots that are used outside of spacevehicles have mainly been developed for transporting large cargos and installation/removal of payloads. As an end effecter of these robots, the snare type 1) , which holds objects by closing three wires in the shuttle arm, the gripper type 2) in the SPDM (Special Purpose Dexterous Manipulator) of the space station, and the three-nail tool type in the subarm used in the JEMRMS (Japanese Experiment Module Remote Manipulator System) have been used 3), 4) . These end effectors have one degree of freedom and are not equipped with sensory functions, thus they are not suitable for precision work. They also require exclusive fixtures on the objects 5) . ROTEX (Robot Technology Experiment) was performed as a precision work robot experiment in a manned spacevehicle 6) . The multisensory hand was used in the ROTEX. However, it can only be used in air-conditioned racks of the Space Lab (Space Laboratory); it cannot be used outside of spacevehicles where the environmental conditions are severe and highly variable. Furthermore, the degree of freedom of the gripper is one, thus there are restrictions such as the requirement of fixtures on the object.
We developed a high-performance robot hand which carries out precision work outside of a spacevehicle 7) , and carried out * The University of Tokyo, RCAST, 4-6-1, Komaba Meguro-Ku, Tokyo ** AIST, Tsukuba *** Fujitsu Laboratories Ltd., Kawasaki space tests on the Engineering Test Satellite-VII, (Hikoboshi (Altair)), from 1998 to 2000. The features of the robot hand include the capability of performing precision work on various objects by the three-finger multisensory structure, local autonomy, and the capacity to be used outside of a spacevehicle. The hand has multipurpose features that enable it to be fixed to various types of arms, therefore, it has become the world's front-runner hand for performing precision work outside of spacevehicles. The design of the hand has already been published 8) . In this paper, we describe the characteristics of the hand and its performance in space. First, we outline the structure of the hand. We then describe the finger mechanism and a wrist compliance device, as well as the performance of grip force sensors and microdisplacement sensors incorporated into the hand. We also describe the measurement performance of image and range sensors used as non-contact optical sensors. Finally, we report an actual example of a precision task performed by the hand.
Three-finger multisensory hand
The first important requirement for the hand used in precision work is that it must have mechanisms which enable it to grasp objects of various shapes securely and to adjust their positions and grip force accurately. The second important requirement is that autonomous characteristics must be improved because of the The finger mechanism consists of a linear-motion finger which corresponds to our thumb and two rotation fingers, i.e., the middle finger and index finger. We provided one degree of freedom to each finger, made the total degrees of freedom three and gave them versatility to grasp objects. At the same time, we made the fingers perform precision position adjustment and control the grip force. A compliance device was incorporated into the hand in order for the hand to compensate for positional errors and to absorb r  o  s  n  e  s  e  g  n  a  r  y  t  i  m  i  x  o  r  P   m  m  0  8  0  :  e  g  n  a  R  m  m  1  ±  :  y  c  a  r  u  c  c  A  g  e  d  5  2  :  e  c  n  a  w  o  l  l  a  t  n  e  m  n  g  i  l  a  s  i  M   a  r  e  m  a  c  e  y  e  d  n  a  H   m  m  4  6  x  5  8  :  w  e  i  v  f  o  d  l  e  i  F  m  m  4 Calibration of sensors such as the range sensors which are affected by temperature was carried out by installing a thermistor on the signal processing board to improve the measurement accuracy.
The robot controls process and makes judgments necessary for carrying out precision work using these sensors. Table 1 Compared with the multijoint fingers, this three-finger mechanism has the following features; i) the structure is simple, highly reliable and can be controlled easily, and ii) compared with single gripper mechanisms, this system can grasp objects of many different shapes and the flexibility of positioning adjustment is excellent.
In order to grasp an object, first, the rotation fingers B and C are operated in the "closing" direction. When either of the fingers touches the object, the finger motion is terminated and then the linear-motion finger is closed to grasp the object. After grasping the object, the rotation fingers are operated in the position-control mode and the linear-motion finger is operated in the force-control mode in which the force acting on the rotation fingers is fed back to the linear actuator. A fitting mechanism, consisting of a matrix of pins precompressed by springs, is incorporated in the pad of the linear-motion finger, increasing the grasping stability by making the finger accommodate itself to the shape of the object.
As shown in Fig. 3 , strain gauges attached to the L-shaped links of the rotation fingers detect the pressure on the rotation fingers.
The strain gauges detect two orthogonal bending moments which act on the links. The detected voltages of the strain gauges, V 1 and V 2 are
Here, K 1 , L 1 and β are the output characteristic coefficient, moment arm length and contact angle of the rotation finger, respectively. By obtaining the vertical force F from Eqs. (1) and 
The isotropic contact force can be measured using this approach, and it is possible to measure and control grip forces for various objects. Also, the rotation finger can be used for the application of force with high accuracy.
After launching the robot into space, we examined grip force control characteristics of the finger and pressure sensor characteristics. 
Also, the deviation of the cylindrical center ( δx, δy) with respect to the center of the hand is
where
A similar relationship can be obtained from the joint angle of rotation finger B (however, the sign on the right-hand side of δx in Eq. (5) Prompted by this finding, we obtained the deviation using the above equations and confirmed the position once again by regrasping the component after rough calibration (b). Using thusobtained data, we improved the CAD model and finally completed detailed corrections (c). After these corrections, matching between "the real world," on-board control system and on-ground simulator was performed, leading to smooth operation of subsequent precision work.
. 2 W r i s t c o m p l i a n c e d e v i c e a n d microdisplacement sensor
As shown in Fig. 6 , a component to support the finger mechanism module by a plate spring was adopted for the wrist On the ground, the compliance device has an offset value which depends on the arm joint angle caused by gravity, therefore, it is not easy to operate; however, it functioned well in space. 
Force-torque sensors
A commercially available 6-axes force-torque sensor used for the detection of strain in beams was applied after improvement of its strength and materials so that it can be applied in the space environment. Similar to the testing of the wrist displacement sensor, the tip of the arm was displaced minutely while a fixed workpiece was grasped. The output data were compared with the results obtained by on-ground tests; the agreement between the two results was excellent. The force-torque sensor is not affected by the gravity in orbit, thus in orbit, outputs represent pure action force. Fig. 9 shows an example of the difference in data obtained in space and that obtained on the ground when launch-lock-levers were pushed down piece by piece by a finger in the ± y directions.
The values obtained from the sensor fluctuated due to the weight of the hand itself even during free motion on the ground; the value remains at the zero level until the finger imposes force in space.
Furthermore, the force that acts on an object for pushing down maneuvers cannot be determined precisely on the ground; however, the force is clearly applied to the object only in the pushing direction (y) in space. Accordingly, the space is an excellent place for autonomous control using force sensors.
Optical sensors

Proximity range sensor
The triangulation in which a laser beam is targeted onto an object and the reflected beam is received by PSD (Position Sensing Device) was used for range sensors. The measurement range is 0 -80 mm from the fingertip. When the illuminance is 4,000 lx or greater, it is very difficult to measure distances using commercially available sensors. However, the illuminance on the orbit exceeds 50,000 lx. Therefore, we installed an optical filter with center transmission wavelength of 780 nm and half-value width of 50 nm in front of the PSD. This filter blocked 99.98 % of the sunlight.
Also, the analog processing circuit of the sensor exhibits slight nonlinearity and temperature dependence, therefore, the correction using a 2nd order polynomial in terms of temperature was applied to the output voltage, and correction using a 3rd order polynomial in terms of output voltage was applied to the range measurement.
These corrections broadened the operating temperature range (-20ºC to +60ºC) in space. Fig. 10 shows measured range values in the sunlight and in eclipse for the distance between the tip of the finger and an object when the distance was changed by the arm. The range sensor can also be used for measurements of work environment by moving the arm so as to scan the area. Fig. 11 shows the measurement result of the profile of a step-like object 
Image sensor
A monochromatic CCD camera with 668 x 485 effective pixels was used for the hand-eye camera. The optical view field was set to be 85 x 64 mm at 40 mm from the tip of the finger and a resolution of 0.12 x 0.14 mm was obtained. Eight-bit image signals of a window consisting of 512 pixels and 320 lines are taken into the image memory of the control computer. The illuminance adjustment function is required because the illuminance in orbit changes minute-by-minute depending on the direction of the sun.
One red LED array of 1 W is used for local illumination in the eclipse. However, the illuminance by the LED array is approximately 10 lx at 12 cm. The illuminance ratio of sunlight to the LED array light is extremely large; it exceeds the adjustable range of the electronic shutter (1/4 -1/10,000 sec). Therefore, we used an optical filter to pass only red light. Let the illuminance of sunlight be P s , the illuminance of the LED array P l , the transmittivity of sunlight of the optical filter a s , and the transmittivity of red LED light at, then the illuminance ratio can be obtained as
We designed the filter so that the value obtained by Eq. (7) is within the adjustment range of the shutter. Using the filter with and 81/256. The pinholes, the reflection characteristics of which were altered due to wear due to plugging and unplugging, were not identified at the threshold value of 81/256. Therefore, we suspect that the applicable binary ranges became narrow.
On the other hand, we were successful in the measurement in the eclipse. In the sunlight, even detection of labels was required for the determination of hole density; however, in the eclipse, all pinholes were detected during the evaluation of roundness in the feature extraction process. It is considered that the measurement was successful because the same optical conditions as those obtained on the ground were maintained by the LED illumination in the eclipse; the optimized image processing parameters on the ground were valid even in orbit. Since there is no reflection from surrounding objects during the eclipse, it is a good time period to carry out image measurements.
The following is the summary of information obtained by image measurements; i) We must be careful in image measurements of objects in sunlight for which the pixel number is small and whose optical characteristics are easily affected by the direction of irradiation of light sources. ii) A function to register the shutter speed and the optimal values of image processing parameters in accordance with the position of the sun as a database is desired.
iii) The image measurements in the eclipse under LED illumination are extremely effective; it is recommended that measurements be carried out during this time period in cases when external light affects measurements.
Generation of local coordinate by fusing a range sensor and image sensor
We generated the local coordinates of a work plane by fusing the above-mentioned range sensor and the image sensor. We first obtained a local vertical line (z axis) by controlling the wrist attitude so that the values from three range sensors arranged evenly around the hand become identical. Then we obtained the y axis by taking the image of a unit coordinate mark on the work plane (defined by two circular marks positioned 20 mm apart between the centers) using a hand-eye camera and by image processing.
Thus, we generated a local coordinate system (x, y, z) using the marks as the origin. The work plane was painted in white thermal paint and the marks were two 8-mm-diameter black circles to reduce disturbance to the range and image sensors. Table 3 shows the coordinate elements for the base coordinate system under albedo illumination, LED illumination in the eclipse, and fluorescent lamp illumination on the ground. Under both albedo illumination and in the eclipse, the accuracy of coordinate generation within ±1 mm for positioning and ± 0.2 deg for attitude determination has been realized. This coordinate generation is always successful even under sunlight and we expect that for practical use it will have no problems in space.
Example of application for precision work in space
We have been performing precision task experiments using the multisensory hand, the performance of which has been proven in the space environment. Here, we describe the practical application of the hand using an example of plugging and unplugging of an electric connector. The connector used in the experiments is the D-sub type which is the most popular for use in space. It is a multiple pin connector, and the guide of the receptacle is narrow; therefore, it is necessary to insert the plug with submillimeter accuracy in terms of the plug position and orientation. The developed hand was applied to other precision tasks and excellent work performances have been observed 9) . The results of the space experiments including movies can be seen on the web 10) .
Conclusions
We developed a high-performance hand with newly designed three-finger mechanisms and multiple sensors which are suitable for precision work in space; we installed the hand and arm in the spacevehicle "Hikoboshi," and carried out performance tests in space environments.
Various mechanisms and sensors incorporated in the hand functioned as designed in the severe space environment. The finger mechanism and wrist compliance device, as well as grip force sensors and displacement sensors incorporated into these mechanisms performed the same or better level of operations as they did on the ground when they were operated in space because there were no effects of offsets and disturbance due to the absence of gravity. The laser range sensor and the hand-eye image sensor on the hand functioned as designed in a broad range of optical environments in orbit ranging from sunlight to the eclipse due to the installation of an optical filter. In the field of image-based measurement, it was proven that some caution must be exercised when dealing with images with a small number of pixels and objects having optical characteristics easily affected by the direction of irradiation. In addition, the LED illumination system incorporated in the hand is effective in image-based measurements in the eclipse. The high-accuracy performance of the multisensory hand in orbit was proven using the example of plugging and unplugging of an electrical connector. Furthermore, by the we expect that the obtained data will be important for the practical application of high-performance robots.
